12 United States Patent

Kumatani et al.

US009868087B2

US 9.868.087 B2
Jan. 16, 2018

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

(%)

(21)
(22)

(63)

(30)

CORE-SHELL OXIDE MATERIAL, METHOD
FOR PRODUCING THE SAME, AND
CATALYST AND METHOD FOR
PURIFICATION OF EXHAUST GAS USING
THE CORE-SHELL OXIDE MATERIAL

Applicant: TOYOTA JIDOSHA KABUSHIKI
KAISHA, Toyota-shi, Aichi (IP)
Inventors: Naoki Kumatani, Nagakute (JP);
Toshitaka Tanabe, Nagakute (IP);
AKkira Morikawa, Nagakute (JP);
Masahide Miura, Toyota (IP);
Hiromasa Suzuki, Toyota (IP)

TOYOTA JIDOSHA KABUSHIKI
KAISHA, Aichi-ken (JP)

Assignee:

Subject to any disclaimer, the term of this
patent 1s extended or adjusted under 35

U.S.C. 154(b) by O days.

Notice:

Appl. No.: 15/468,956

Filed: Mar. 24, 2017

Prior Publication Data

US 2017/0282123 Al Oct. 5, 2017

Foreign Application Priority Data

Mar. 31, 2016 (IP) oo, 2016-071347
Feb. 1, 2017  (IP) e, 2017-016582
(51) Int. CL
BOID 53/94 (2006.01)
bolJ 21/04 (2006.01)
b0ol1J 21/06 (2006.01)
bo01J 23/10 (2006.01)
bB01J 23/63 (2006.01)
B01J 35/00 (2006.01)
(Continued)
"3‘ (111)
) , 1(14/29)=0.033
2 . 1(14/29)-0.034
S 1 1(14/29)=0.033

e . 1(14/29)=0.033
14/29)=0.035

v 1{14/29)=0.032

15 20

10

t .; .-. . -.
0 I . I .

25

(52) U.S. CL
CPC BO1D 53/9413 (2013.01); BO1J 21/12
(2013.01); BO1J 23/10 (2013.01); BO1J
35/0006 (2013.01); BO1J 37/0009 (2013.01);
B01J 37/0215 (2013.01); BO1J 37/08
(2013.01); BOID 2255/1021 (2013.01); BOID
2255/1023 (2013.01); BOID 2255/1025
(2013.01); BOID 2255/908 (2013.01); BOID
2255/9202 (2013.01); BOID 2255/9207

(2013.01)

(58) Field of Classification Search
CPC . BO1J 21/04; BO17J 21/066; BO1J 23/10; BO1J
23/63; BO1J 35/0006; BO1J 377/0009;
BO1J 37/0215; BO1J 37/08; BO1D
53/9413

See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

6,387,338 B1* 5/2002 Anatoly ............. BO1D 53/8628
423/239.1

7,101,819 B2* 9/2006 Rosenflanz ............. CO3B 19/06
428/426

(Continued)

FOREIGN PATENT DOCUMENTS

JP 2005-000830 A 1/2005
JP 2007-069107 A 3/2007
(Continued)

Primary Examiner — Cam N. Nguyen
(74) Attorney, Agent, or Firm — Sughrue Mion, PLLC

(57) ABSTRACT

A core-shell oxide material comprises: a core which com-
prises a ceria-zirconia based solid solution powder having at
least one ordered phase of a pyrochlore phase and a K phase;
and a shell which comprises an alumina based oxide dis-
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CORE-SHELL OXIDE MATERIAL, METHOD
FOR PRODUCING THE SAME, AND
CATALYST AND METHOD FOR

PURIFICATION OF EXHAUST GAS USING
THE CORE-SHELL OXIDE MATERIAL

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to a core-shell oxide mate-
rial comprising a ceria-zircoma based composite oxide
whose surface 1s coated with an alumina based oxide, a
method for producing the core-shell oxide matenial, and a
catalyst and a method for purification of exhaust gas using
the core-shell oxide matenal.

Related Background Art

Conventionally, composite oxides containing various
metal oxides have been utilized as a support, a co-catalyst,
and the like for a catalyst for purification of exhaust gas. As
a metal oxide 1 such a composite oxide, ceria 1s favorably
used because ceria 1s capable of storing and releasing
oxygen according to the oxygen partial pressure in the
atmosphere (1.e., ceria has an oxygen storage/release capac-
ity). In addition, recently, various types ol composite oxides
containing ceria have been studied, and various ceria-zirco-
nia based composite oxides and methods for producing the
ceria-zirconia based composite oxides have been disclosed.

For example, Japanese Unexamined Patent Application
Publication No. 2007-144290 (Patent Literature 1) discloses
a catalyst for purification of exhaust gas comprising: a
support having a core-shell structure 1n which a particle of
an oxygen storage/release material such as ceria forms a
core portion and a supporting oxide such as zirconmia or
titania forms a shell portion; and noble metal particles
comprising at least rhodium particles in contact with the
support. Patent Literature 1 states that the rhodium oxidation
1s suppressed, and also that the oxygen storage/release
capacity improves the catalytic activity.

Moreover, Japanese Unexamined Patent Application Pub-
lication No. 20035-830 (Patent Literature 2) discloses a
catalyst for purification of exhaust gas comprising: a com-
posite particle of a CeO,—Z7r0, solid solution particle and
an Al,0O, layer covering at least a part of the CeO,—Z71r0O,
solid solution particle surface; and Pt and Pd supported on
at least the Al1,0, layer. Patent Literature 2 states that the
grain growth of the noble metals 1s suppressed, and also that
the oxygen storage/release capacity 1s improved.

Further, Japanese Unexamined Patent Application Publi-
cation No. 2007-69107 (Patent Literature 3) discloses a
catalyst for purification of exhaust gas comprising: an alu-
mina support; particles of a noble metal such as Pt, Pd, or Rh
existing 1nside the alumina support; and co-catalyst particles
of ceria, zirconia, or the like in contact with the noble metal
particles. Patent Literature 3 also states that the aggregation
of the noble metal particles 1s suppressed by the anchoring
cllect, so that, even 1f the air-fuel ratio varies, the catalyst
can maintain high catalytic activity and be prevented from
decreasing 1n the purification performance.

Further, Japanese Unexamined Patent Application Publi-
cation No. 2014-114180 (Patent Literature 4) discloses a
composite oxide material comprising: crystalline particles of
a ceria-zirconia composite oxide having a pyrochlore struc-
ture; and lanthana-zircoma composite oxide crystals having
a pyrochlore structure and existing on surfaces of the
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crystalline particles, wherein the lanthana-zirconia compos-
ite oxide crystals are at least partly solid-dissolved in the
surfaces of the crystalline particles of the cena-zirconia
composite oxide. Patent Literature 4 states that the oxygen
storage capacity 1s less likely to decrease even at high
temperatures.

SUMMARY OF THE INVENTION

However, since zirconia and titania are relatively dense
oxides, the catalyst for purification of exhaust gas described
in Patent Literature 1 has a problem that oxygen has low
diffusion property in the shell portion, resulting 1 a slow
oxygen storage/release rate. Moreover, when this catalyst
for purification of exhaust gas 1s exposed to high tempera-
tures, ceria in the core portion and zirconia in the shell
portion diffuse mto each other, so that the core-shell struc-
ture deteriorates. This brings about a problem that the
catalytic activity of rhodium 1s decreased.

Moreover, 1n the catalysts for purification of exhaust gas
described 1n Patent Literatures 2 and 3, since the oxygen
utilization efliciency of ceria 1n the CeO,—Z7r0O, solid solu-
tion particle and the CeO,—Z7r0O, co-catalyst particle 1s low,
a sufliciently high oxygen storage/release capacity 1s not
always obtained.

Further, the present inventors have found that, when a
catalyst comprising rhodium on the composite oxide mate-
rial described in Patent Literature 4 1s exposed to high
temperatures, the catalyst can exhibit an excellent oxygen
storage/release capacity, but has a problem of decrease 1n the
NOx purification performance.

The present immvention has been made 1n view of the
above-described problems of the conventional technologies.
An object of the present mvention 1s to provide an oxide
material which enables a catalyst for purnification of exhaust
gas to have an excellent oxygen storage/release capacity
(particularly, oxygen storage/release rate) and exhibit an
excellent NOx purification performance even when the
catalyst 1s exposed to high temperatures; a method for
producing the oxide material; and a catalyst and a method
for purification of exhaust gas using the oxide matenal.

The present mventors have conducted intensive study to
achieve the above-described object and consequently found
the following facts. Specifically, at least a portion of a
surface of a core which comprises a ceria-zirconia based
solid solution powder having at least one ordered phase of
a pyrochlore phase and a K phase 1s coated with an alumina
based oxide to obtain a core-shell oxide maternial. A catalyst
in which a noble metal 1s 1n contact with the core-shell oxide
material has an excellent oxygen storage capacity and exhib-
its an excellent NOx purification performance even when the
catalyst 1s exposed to high temperatures. This finding has led
to the completion of the present invention.

Specifically, a core-shell oxide material of the present
invention cComprises:

a core which comprises a ceria-zircoma based solid
solution powder having at least one ordered phase of a
pyrochlore phase and a K phase; and

a shell which comprises an alumina based oxide disposed
on at least a portion of a surface of the core.

In such a core-shell oxide material of the present mnven-
tion, an intensity ratio of a diffraction line at 20=14.3° to a
diffraction line at 20=29° [1(14/29) value] 1s preterably 0.02
or more, which i1s calculated from an X-ray difiraction
pattern obtained by an X-ray diflraction measurement using
CuKo after the core-shell oxide maternial 1s heated in air
1100° C. for 5 hours. Moreover, the core preterably further
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comprises a rare earth element other than Ce. Further, the
shell preferably further comprises a rare earth element.
Furthermore, the amount of the alumina based oxide coating
1s preferably 0.1 to 6 parts by mass relative to 100 parts by
mass of the core.

A method for producing a core-shell oxide material of the
present mvention comprises the steps of:

subjecting a compact obtained by compression-molding a
ceria-zirconia based solid solution to a reduction treatment
at a temperature of 1500° C. or higher to obtain a ceria-
zirconia based solid solution powder having at least one
ordered phase of a pyrochlore phase and a K phase;

bringing an alumina precursor into contact with the ceria-
zirconia based solid solution powder having the ordered
phase to make the alumina precursor adhere to at least a
portion of a surface of the ceria-zirconia based solid solution
powder having the ordered phase; and

heating the ceria-zirconia based solid solution powder
with the alumina precursor adhering thereto to obtain the
core-shell oxide material of the present mnvention.

Moreover, a catalyst for purification of exhaust gas of the
present mvention cComprises:

such a core-shell oxide material of the present invention;
and

a noble metal 1n contact with the core-shell oxide mate-
rial. Further, a method for purification of exhaust gas of the
present invention comprises bringing exhaust gas containing,
nitrogen oxide mto contact with such a catalyst for purifi-
cation of exhaust gas of the present invention.

Note that, in the present invention, intensity ratios [1(14/
29) value] and [I(28/29) value] of diflraction lines are
respectively an intensity ratio of a diffraction line at
20=14.5° to a diflraction line at 20=29° [1(14/29) value] and
an intensity ratio of a diffraction line at 20=28.5° to the
diffraction line at 20=29° [I(28/29) value], which are cal-
culated from an X-ray diflraction pattern obtained by an
X-ray diffraction measurement using CuKa. after a core-
shell oxide material serving as a measurement target 1s
heated 1n air at 1100° C. for 5 hours. As the method of the
X-ray diffraction measurement, adopted 1s a method in
which the measurement 1s performed with an X-ray difirac-
tion apparatus (for example, “RINT-2100” manufactured by
Rigaku Corporation) using CuKo radiation as an X-ray
source under conditions of 40 KV, 30 mA, and 26=2°
minute.

Here, the diflraction line at 26=14.5° 1s a diffraction line
derived from the (111) plane of the ordered phase (K phase).
The diffraction line at 20=29° 1s a difiraction line 1n which
a diffraction line derived from the (222) plane of the ordered
phase and a diffraction line derived from the (111) plane of
a cubic crystal phase of the cena-zirconia solid solution (CZ
solid solution) overlap. Thus, calculating the 1(14/29) value
that 1s the intensity ratio between the two diffraction lines
provides an indicator which represents the percentage (re-
maining percentage) ol the ordered phase maintained. Note
that when the intensity of a diffraction line 1s calculated, an
average tensity of diffraction lines at 20=10° to 12° which
1s a background value 1s subtracted from a value of each
diffraction line intensity for the calculation. In addition, a
perfect ordered phase 1s a K phase (Ce,Zr,0O4) which 1s
completely filled with oxygen or a pyrochlore phase
(Ce,Zr,0-) from which oxygen 1s completely removed. The
1(14/29) value of the K phase and the 1(14/29) value of the
pyrochlore phase are respectively 0.04 and 0.05, which are
calculated from the corresponding PDF cards (PDF2:
01-070-4048 for the K phase, PDF2: 01-075-2694 for the
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crystal phase having an orderly arranged structure formed of
cerium 1ons and zirconium 1ons, has an arrangement struc-
ture (@' phase-type orderly arranged phase (the @' phase 1s
the same phase as the K phase): a superlattice structure that
occurs 1n a fluorite structure) of a crystal which has peaks at
20-angle positions of 14.5°, 28°, 37°, 44.5°, and 51° 1n an
X-ray diffraction pattern obtained by an X-ray diffraction
measurement using CuKa. Note that the “peak” herein
refers to one having a height of 30 cps or more, the height
being from a baseline to a peak top.

Moreover, the diffraction line at 26=28.5° 1s a diffraction
line dertved from the (111) plane of CeO, as a single
component. Calculating the I(28/29) value that 1s the mten-
sity ratio between the diffraction line at 20=28.5° and the
diffraction line at 20=29° provides an indicator which rep-
resents the degree of phase separation of CeO, from a
composite oxide.

Note that although it 1s not exactly clear why the core-
shell oxide material of the present invention has an excellent
oxygen storage/release capacity even when the core-shell
oxide material 1s exposed to high temperatures, the present
inventors speculate as follows. Specifically, the core 1n the
core-shell oxide material of the present invention comprises
a ceria-zirconia based solid solution powder having at least
one ordered phase of a pyrochlore phase and a ¥ phase. The
pyrochlore phase (Ce,Zr,O-) of such a ceria-zirconia based
solid solution shifts to the K phase (Ce,Zr,O,) according to
the oxygen partial pressure 1n a gas phase, thereby exhibiting
an oxygen storage/release capacity (OSC). In comparison
with the oxygen storage/release capacity (OSC) exhibited in
a fluorite phase, the oxygen storage/release capacity (OSC)
exhibited as a result of such a phase shift between the
pyrochlore phase and the K phase has an oxygen utilization
elliciency of CeO, which 1s quite high and reaches almost
the theoretical limit, so that the cena-zircoma based solid
solution powder having the ordered phase exhibits quite
high oxygen storage and O, bulk diffusion rate. Thus, the
present inventors speculate that even when at least a portion
of a surface of the core which comprises the ceria-zirconia
based solid solution powder having the ordered phase 1s
coated with an alumina based oxide, decreases 1n the oxygen
storage and oxygen storage/release rate attributable to the
coating are small, and that an excellent oxygen storage/
release capacity 1s exhibited. Additionally, the core-shell
oxide maternial of the present invention 1s subjected to the
reduction treatment at a high temperature of 13500° C. or
higher. Thus, the present inventors speculate that the core-
shell oxide material of the present invention 1s excellent 1n
high temperature stability 1n comparison with normal ceria-
zirconia solid solutions, and that an excellent oxygen stor-
age/release capacity 1s exhibited even when the core-shell
oxide material of the present invention 1s exposed to high
temperatures.

In addition, although 1t 1s not exactly clear why a catalyst
comprising a noble metal in contact with the core-shell
oxide material of the present invention exhibits an excellent
NOx purification performance even when the catalyst 1s
exposed to high temperatures, the present inventors specu-
late as follows. Specifically, 1in the catalyst comprising a
noble metal 1n contact with the core-shell oxide material of
the present invention, the noble metal 1s 1 contact with the
shell of the core-shell oxide material, that 1s, the alumina
based oxide as a cover layer. Thus, the present immventors
speculate that this contact improves the reducibility of the
noble metal (particularly, rhodium), and improves the NOx
purification activity 1n comparison with a case where the
noble metal 1s 1n contact with the core which comprises the
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ceria-zirconia based solid solution powder having the
ordered phase. Further, even when the catalyst 1s exposed to
high temperatures, the grain growth of the noble metal 1s
suppressed and a decrease 1n the NOX purification activity 1s
suppressed. The present inventors speculate that this 1s also
one of reasons that the excellent NOx purification pertor-
mance 1s exhibited.

The present invention makes 1t possible to obtain a
catalyst for purification of exhaust gas which has an excel-
lent oxygen storage/release capacity (OSC) (particularly,
oxygen storage/release rate (OSC-r)) and exhibits an excel-
lent NOx purification performance even when the catalyst 1s
exposed to high temperatures.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 1s a graph showing X-ray diflraction patterns of

oxide powders obtained in Examples Al to A4 and Com-
parative Examples Al to A3.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(Ll

Hereinafter, the present invention will be described in
detail based on preferred embodiments thereof.

First, a core-shell oxide material of the present invention
will be described. The core-shell oxide material of the
present mvention comprises:

a core which comprises a ceria-zirconia based solid
solution powder having at least one ordered phase of a
pyrochlore phase and a K phase; and

a shell which comprises an alumina based oxide disposed
on at least a portion of a surface of the core. Such a
core-shell oxide material of the present invention has an
excellent oxygen storage/release capacity (OSC) (particu-
larly, oxygen storage/release rate (OSC-r)) even when the
core-shell oxide material 1s exposed to high temperatures.

The core-shell oxide material of the present imvention
comprises a core which comprises a ceria-zirconia based
solid solution powder having at least one ordered phase of
a pyrochlore phase and a K phase 1n each of which Ce and
Zr are orderly arranged. Such a core-shell oxide matenal
comprising the core which comprises the cera-zirconia
based solid solution powder having the ordered phase exhib-
its a higher oxygen diffusion rate 1n a bulk than that of a
ceria-zirconia based solid solution having a fluorite struc-
ture. Thus, the core-shell oxide material 1s excellent in an
oxygen storage/release capacity (OSC) (particularly, oxygen
storage/release rate (OSC-r)). In addition, 1n such a ceria-
zirconia based solid solution powder having the ordered
phase, the content ratio between Ce and Zr 1s preferably
35:65 to 63:335, and more preferably 45:55 to 55:45 in terms
of moles (Ce:Zr). If the molar ratio (Ce:Zr) 1s outside the
range, when the ceria-zircomia based solid solution powder
1s exposed to high temperatures, the ordered phase 1s rear-
ranged and changed to the fluorite structure, so that the
oxygen storage/release capacity tends to decrease.

The core which comprises such a cena-zirconia based
solid solution powder having the ordered phase may further
comprise an additional element such as T1 and a rare earth
clement other than Ce. Incorporating such an additional
clement suppresses the decrease in the oxygen storage/
release capacity in the event of high temperature exposures.
Moreover, examples of the additional element include Sc, Y,
La, Pr, Nd, Sm, Gd, Tb, Dy, Yb, Lu, Ti, and the like.
Especially, from the viewpoint of further suppressing the
decrease 1n the oxygen storage/release capacity 1n the event
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of high temperature exposures, Y, La, Pr, and Nd are
preferable, and Pr 1s more preferable. Note that one of these
additional elements may be incorporated alone, or two or
more thereol may be incorporated. Meanwhile, the addi-
tional element 1s normally incorporated in the form of oxide
in the core. Further, the additional element 1s preferably
present 1n such a state that the additional element 1s, for
example, solid-dissolved or dispersed 1n the ceria-zirconia
based solid solution powder having the ordered phase. More
preferably, the additional element 1s solid-dissolved to
surely obtain the effect of the additional element.

In the core according to the present invention, the content
of the additional element 1n terms of the element 1s prefer-
ably 20% by mol or less, more preferably 10% by mol or
less, and particularly preferably 5% by mol or less. I the
content of the additional element exceeds the upper limit, the
heat resistance of the ordered phase decreases, and the
oxygen storage/release capacity tends to decrease in the
event of high temperature exposures. Note that the lower
limit of the content of the additional element 1s not particu-
larly limited, but 1s preterably 0.1% by mol or more to surely
obtain the eflect of the additional element.

The average secondary particle diameter (average aggre-
gate particle diameter) of the ceria-zirconia based solid
solution powder having the ordered phase which forms the
core according to the present invention 1s not particularly
limited, but 1s preferably 100 nm to 100 pum, and more
preferably 100 nm to 10 um. The average secondary particle
diameter of the ceria-zirconia based solid solution powder
can be measured, for example, by dynamic light scattering
without limitation thereto.

Further, the specific surface area of the cerna-zirconia
based solid solution powder having the ordered phase 1s not
particularly limited, but is preferably 0.1 to 20 m*/g, and
more preferably 0.5 to 10 m*/g. If the specific surface area
1s less than the lower limit, the oxygen storage/release
capacity tends to decrease. Meanwhile, 1f the specific sur-
face area exceeds the upper limit, the number of particles
having small particle diameters increases, and the high
temperature durability tends to decrease. Note that such a
specific surface area can be calculated as a BET specific
surface area from an adsorption isotherm using the BET
adsorption 1sotherm equation.

The core-shell oxide material of the present imvention
comprises: such a core which comprises a ceria-zirconia
based solid solution powder having the ordered phase; and
a shell which comprises an alumina based oxide disposed on
at least a portion of a surface of the core. In such a core-shell
oxide material, the amount of the alumina based oxide
coating 1s preferably 0.1 to 6 parts by mass, and more
preferably 0.2 to 1.5 parts by mass, relative to 100 parts by
mass of the core. If the amount of the alumina based oxide
coating 1s less than the lower limit, 1n a catalyst comprising
a noble metal 1n contact with the core-shell oxide matenal,
the reduction of the noble metal hardly proceeds due to the
interaction between the noble metal and ceria in the core,
and the NOx purification performance tends to decrease.
Meanwhile, 1f the amount of coating exceeds the upper limiat,
the alumina based oxide aggregates and inhibits the diffu-
sion ol oxygen, so that the oxygen storage/release capacity
tends to decrease.

The shell which comprises such an alumina based oxide
may further comprise a rare earth element (preferably, a rare
carth element other than Ce). Incorporating such a rare earth
clement in the shell improves the high temperature durabil-
ity of the shell. Moreover, examples of the rare earth element

include Sc, Y, La, Pr, Nd, Sm, Gd, Tb, Dy, Yb, Lu, and the
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like. Especially, from the viewpoint of turther improving the
high temperature durability of the shell, La 1s preferable.
Note that one of these rare earth elements may be ncorpo-
rated alone, or two or more thereol may be incorporated.
Meanwhile, the rare earth element 1s normally incorporated
in the form of oxide in the shell.

In the shell according to the present invention, the content
of the rare earth element in terms of the element 1s preferably
10% by mol or less, more preferably 5% by mol or less, and
particularly preferably 2% by mol or less. If the content of
the rare earth element exceeds the upper limait, an aluminate
phase 1s formed, decreasing the specific surface area of the
shell, for example, so that the high temperature durability
tends to decrease. Note that the lower limit of the content of
the rare earth element i1s not particularly limited, but 1s
preferably 0.1% by mol or more to surely obtain the effect
of the rare earth element.

The thickness of such a shell 1s preferably 1 to 100 nm,
and more preferably 2 to 50 nm. I1 the thickness of the shell
1s less than the lower limit, 1n a catalyst comprising a noble
metal in contact with the core-shell oxide material, the
reduction of the noble metal hardly proceeds due to the
interaction between the noble metal and ceria in the core,
and the NOx purification performance tends to decrease.
Meanwhile, if the thickness exceeds the upper limait, the
shell inlibits the diffusion of oxygen, so that the oxygen
storage/release capacity tends to decrease.

In the core-shell oxide material of the present invention,

the above-described 1(14/29) value 1s preferably 0.02 or
more, more preferably 0.030 or more, and particularly
preferably 0.033 or more. If the 1(14/29) value 1s less than
the lower limit, the percentage of the ordered phase main-
tained 1s low, and the oxygen storage/release capacity tends
to decrease 1n the event of high temperature exposures. Note
that the upper limit of the 1(14/29) value 1s not particularly
limited, but 1s preferably 0.05 or less because the 1(14/29)
value of the pyrochlore phase calculated from the PDF card
(01-075-2694) 1s the upper limut.
Moreover, 1n the core-shell oxide material of the present
invention, the above-described 1(28/29) value 1s preferably
0.08 or less, more preferably 0.06 or less, and particularly
preferably 0.04 or less. If the 1(28/29) value exceeds the
upper limit, the oxygen storage/release capacity tends to
decrease 1n the event of high temperature exposures. Note
that the lower limit of the 1(28/29) value 1s not particularly
limited, but 1s preferably a smaller value.

Further, the specific surface area of the core-shell oxide
material of the present invention 1s not particularly limited,
but is preferably 0.1 to 20 m*/g, and more preferably 0.5 to
10 m*/g. If the specific surface area is less than the lower
limit, the oxygen storage/release capacity tends to decrease.
Meanwhile, 11 the specific surface area exceeds the upper
limit, the number of particles having small particle diam-
eters increases, and the high temperature durability tends to
decrease. Note that such a specific surface area can be
calculated as a BET specific surface area from an adsorption
1sotherm using the BET adsorption 1sotherm equation.

Next, a method for producing a core-shell oxide material
of the present invention will be described. The method for
producing a core-shell oxide matenal of the present inven-
tion comprises the steps of:

subjecting a compact obtained by compression-molding a
ceria-zirconia based solid solution to a reduction treatment
at a temperature of 1500° C. or higher to obtain a ceria-
zirconia based solid solution powder having at least one
ordered phase of a pyrochlore phase and a k¥ phase (reduc-
tion treatment step);
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bringing an alumina precursor mto contact with the ceria-
zirconia based solid solution powder having the ordered
phase to make the alumina precursor adhere to at least a
portion of a surface of the ceria-zirconia based solid solution
powder having the ordered phase (adhesion step); and

heating the cerna-zirconia based solid solution powder
with the alumina precursor adhering thereto (calcination

step).
The ceria-zirconia based solid solution used 1n the method

for producing a core-shell oxide maternial of the present
invention has a content ratio between Ce and Zr of prefer-

ably 35:65 to 65:35, and more preferably 45:55 to 55:45 1n

terms of moles (Ce:Zr). If a cena-zircoma based solid
solution with the molar ratio (Ce:Zr) outside the range 1s
used, when a core-shell oxide material to be obtained 1s
exposed to high temperatures, the ordered phase 1s rear-
ranged and changed to the fluorite structure, so that the
oxygen storage/release capacity tends to decrease.

The cena-zirconia based solid solution may further com-
prise an additional element such as Ti1 and a rare earth
clement other than Ce. Incorporating such an additional
clement suppresses the decrease in the oxygen storage/
release capacity which may otherwise occur when a core-
shell oxide material to be obtained 1s exposed to high
temperatures. Moreover, examples of such an additional
clement include the exemplified additional elements which
the core of the core-shell oxide material may comprise.
Especially, from the viewpoint of further suppressing the
decrease 1n the oxygen storage/release capacity which may
otherwise occur when a core-shell oxide material to be
obtained 1s exposed to high temperatures, Y, La, Pr, and Nd
are preferable, and Pr 1s more preferable. Note that one of
these additional elements may be incorporated alone, or two
or more thereol may be incorporated. Meanwhile, the addi-
tional element 1s normally incorporated in the form of oxide
in the core. Further, the additional element i1s preferably
present 1n such a state that the additional element 1s, for
example, solid-dissolved or dispersed in the ceria-zirconia
based solid solution. More preferably, the additional element
1s solid-dissolved to surely obtain the effect of the additional
clement.

In the ceria-zirconia based solid solution, the content of
the additional element 1n terms of the element 1s preferably
20% by mol or less, more preferably 10% by mol or less, and
particularly preferably 5% by mol or less. If the content of
the additional element exceeds the upper limit, the heat
resistance of the ordered phase decreases, and the oxygen
storage/release capacity tends to decrease 1n the event of
high temperature exposures. Note that the lower limit of the
content of the additional element is not particularly limited,
but 1s preferably 0.1% by mol or more to surely obtain the
ellect of the additional element.

Such a ceria-zircoma based solid solution can be pro-
duced, for example, by the {following coprecipitation
method. Specifically, an aqueous solution containing a
cerium salt (for example, mitrate) and a zirconium salt (for
example, nitrate), as well as 1f necessary a salt of the
additional element (for example, nitrate), a surfactant, and
the like 1s used to form a coprecipitate 1n the presence of
ammonia. The obtained coprecipitate is 1solated, recovered,
and washed, followed by drying, calcination, and grinding
treatments. Thus, a powdery cerna-zirconia based solid solu-
tion can be obtained. Note that the content of each raw
material 1n the aqueous solution 1s adjusted as appropnate
such that the obtained ceria-zircoma based solid solution
contains each component 1n a predetermined amount.
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In the method for producing a core-shell oxide matenal of
the present invention, first, such a ceria-zirconia based solid
solution 1s compression-molded. The pressure during the

compression-molding is preferably 400 to 3500 kgf/cm? (39
to 343 MPa), and more preferably 500 to 3000 kgf/cm? (49

to 294 MPa). If the molding pressure 1s outside the range, the
oxygen storage/release capacity tends to decrease when a
core-shell oxide material to be obtained 1s exposed to high
temperatures. Note that such a compression-molding
method 1s not particularly limited, and a known compres-
sion-molding method such as isostatic pressing can be
adopted as appropriate.

Next, the obtained compressed compact 1s subjected to a
reduction treatment at a temperature of 1500° C. or higher
(reduction treatment step). Thereby, a cena-zircoma based
solid solution having at least one ordered phase of a pyro-
chlore phase and a K phase according to the present inven-
tion 1s formed. Such a cena-zirconia based solid solution
having the ordered phase 1s excellent in the heat stability on
the surface, and has such a dense structure that a solid phase
reaction hardly proceeds. If the reduction treatment tem-
perature 1s less than the lower limit, the ordered phase has
a low stability, and the oxygen storage/release capacity
decreases when a core-shell oxide material to be obtained 1s
exposed to high temperatures. Further, from the viewpoints
of improving the stability of the ordered phase and surely
suppressing the decrease in the oxygen storage/release
capacity which may otherwise occur when a core-shell oxide
material to be obtained 1s exposed to high temperatures, the
reduction treatment temperature i1s preferably 1600° C. or
more. Meanwhile, the reduction treatment time 1s preferably
0.5 hours or more, and more preferably 1 hour or more. If
the reduction treatment time 1s less than the lower limit, the
ordered phase has a low stability, and the oxygen storage/
release capacity tends to decrease when a core-shell oxide
material to be obtained 1s exposed to high temperatures.
Note that the upper limits of the reduction treatment tem-
perature and the reduction treatment time are not particularly
limited, but are respectively preterably 2000° C. or lower
(more preferably 1900° C. or lower) and 24 hours or less
(more preferably 10 hours or less) from the viewpoints of the
energy efliciency and reducing the amount of by-products.

The reduction treatment method 1s not particularly lim-
ited, as long as the method enables a reduction treatment at
a predetermined temperature on the compressed compact 1n
a reducing atmosphere. Examples thereof include: (1) a
method 1 which the compressed compact 1s placed in a
vacuum furnace whose inside 1s then made vacuum, a
reducing gas 1s caused to flow in the furnace to make the
atmosphere inside the furnace a reducing atmosphere, and
then the reduction treatment 1s performed by heating at a
predetermined temperature; (1) a method in which a graph-
ite furnace 1s used, the compressed compact 1s placed in the
furnace whose 1nside 1s then made vacuum, heating 1is
performed at a predetermined temperature to make the
atmosphere 1nside the furnace a reducing atmosphere using
reducing gases such as CO and HC generated from the
furnace body, the heating fuel, and so on, and thus the
reduction treatment 1s performed; (111) a method 1n which the
compressed compact 1s placed in a crucible filled waith
activated carbon, heating 1s performed at a predetermined
temperature to make the atmosphere inside the crucible a
reducing atmosphere using reducing gases such as CO and
HC generated from the activated carbon and so on, and thus
the reduction treatment 1s performed; and other simailar
methods.
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Reducing gases used to create such a reducing atmosphere
are not particularly limited, and examples of the reducing
gases include CO, HC, H,, other hydrocarbon gases, and the
like. Moreover, among such reducing gases, a reducing gas
containing no carbon (C) 1s preferable from the viewpoint of
preventing generation ol a by-product such as zirconium
carbide (ZrC) 1n a case of performing the reduction treat-
ment at higher temperatures. When such a reducing gas
containing no carbon (C) 1s used, a reduction treatment 1s
possible at a higher temperature that 1s approximate to the
melting point of zircontum or the like. This makes 1t possible
to more sufliciently improve the stability of the ordered
phase.

In the method for producing a core-shell oxide material of
the present invention, after the reduction treatment, the
ceria-zirconia based solid solution having the ordered phase
1s preferably further subjected to an oxidation treatment.
Thereby, the oxygen loss during the reduction treatment 1s
compensated, and the stability as the oxide matenal tends to
be improved. Such an oxidation treatment method 1s not
particularly limited. For example, a method 1n which the
ceria-zirconia based solid solution having the ordered phase
1s heated in an oxidizing atmosphere (for example, 1n air)
can be favorably adopted. Moreover, the heating tempera-
ture 1 such an oxidation treatment 1s not particularly
limited, but 1s preferably approximately 300 to 800° C.
Further, the heating time 1n the oxidation treatment 1s not
particularly limited, either, but 1s preferably approximately
0.5 to 5 hours.

Next, the ceria-zirconia based solid solution having the
ordered phase thus obtained 1s subjected to grinding.
Thereby, the cernia-zirconmia based solid solution powder
having the ordered phase 1s obtained. The grinding method
1s not particularly limited. Examples thereof include a wet
orinding method, a dry grinding method, a frost shattering
method, and the like.

Next, the ceria-zirconia based solid solution powder hav-
ing the ordered phase thus obtained and an alumina precur-
sor are brought into contact with each other to make the
alumina precursor adhere to at least a portion of a surface of
the ceria-zirconia based solid solution powder having the
ordered phase (adhesion step). The alumina precursor used
here 1s not particularly limited, as long as i1t forms the
alumina based oxide by a heat treatment. Examples thereof
include aluminium salts (for example, nitrates, acetates).

The method for bringing the ceria-zirconia based solid
solution powder having the ordered phase and the alumina
precursor in contact with each other 1s not particularly
limited. Examples thereof include a method in which the
ceria-zirconia based solid solution powder having the
ordered phase 1s immersed in an aqueous solution containing
the alumina precursor, and 11 necessary a salt of the rare earth
clement (for example, nitrate), a surfactant, and the like, so
that the cenia-zircoma based solid solution powder having
the ordered phase 1s impregnated with the aqueous solution
of the alumina precursor. Note that the content of each raw
material in the aqueous solution 1s adjusted as appropriate
such that a core-shell oxide material to be obtained contains
cach component 1n a predetermined amount.

Next, the ceria-zircoma based solid solution powder
impregnated with the aqueous solution of the alumina pre-
cursor 1s subjected to an evaporation to dryness. Then, the
ceria-zirconia based solid solution powder with the alumina
precursor adhering thereto i1s subjected to a heat treatment
(calcination treatment). Thereby, a shell 1s formed which
comprises an alumina based oxide on at least a portion of a
surface of a core which comprises the ceria-zirconia based
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solid solution powder having the ordered phase. Thus, the
core-shell oxide material of the present invention 1s
obtained.

The heat treatment temperature 1s preferably 300 to 1100°
C., and more preferably 500 to 900° C. If the heat treatment
temperature 1s less than the lower limit, a stable shell 1s
hardly formed as a trend. Meanwhile, 1f the heat treatment
temperature exceeds the upper limit, the obtained core-shell
oxide material tends to have a small specific surface area.
Moreover, the heating time 1s not particularly limited, but 1s
preferably 2 to 10 hours.

In the method for producing a core-shell oxide material of
the present invention, the amount of the alumina based oxide
coating attained by a single operation (the adhesion step and
the calcination step) 1s preferably 0.1 to 6 parts by mass, and
more preferably 0.5 to 2 parts by mass, relative to 100 parts
by mass of the core. If the amount of the alumina based
oxide coating attained by the single operation 1s less than the
lower limit, the number of the adhesion step and the calci-
nation step repeated 1s increased, which 1s disadvantageous
in terms of production cost. Meanwhile, if the amount of the
alumina based oxide coating attained by the single operation
exceeds the upper limit, the unevenness of the coating and
the composition 1s likely to occur. Thus, 1n a case where a
total amount of the alumina based oxide coating 1s to be
increased, the operation (the adhesion step and the calcina-
tion step) 1s preferably repeated several times (preferably 2
or 3 times) 1n such a manner that the amount of the alumina
based oxide coating per operation 1s within the above-
described range.

Next, a catalyst for purification of exhaust gas of the
present mvention will be described. The catalyst for purifi-
cation of exhaust gas of the present mnvention comprises:

the core-shell oxide material of the present invention; and

a noble metal 1n contact with the core-shell oxide mate-
rial. Such a catalyst for purification of exhaust gas of the
present mvention has an excellent oxygen storage/release
capacity (OSC) (particularly, oxygen storage/release rate
(OSC-1)) and exhibits an excellent NOx purification perfor-
mance even when the catalyst 1s exposed to high tempera-
tures.

In the catalyst for purification of exhaust gas of the
present invention, the noble metal 1s preferably Rh, Pd, or Pt,
more preferably Rh or Pd, and particularly preferably Rh,
from the viewpoint that an excellent NOx purification per-
formance 1s obtained. In the catalyst for punfication of
exhaust gas of the present invention, the form of such a
noble metal 1s not particularly limited, as long as the noble
metal 1s 1n contact with the core-shell oxide material. The
noble metal may be directly supported on and in contact with
the surface of the core-shell oxide material. From the
viewpoint that the operation 1s simple, the core-shell oxide
material may be mixed with another oxide material support-
ing the noble metal to bring the noble metal mnto contact with
the core-shell oxide matenal.

The catalyst for purification of exhaust gas of the present
invention 1n a pellet shape may be used after a reaction tube
or the like 1s filled therewith. Nevertheless, from the view-
point of practicability, 1t 1s preferable to use a honeycomb
catalyst 1n which a layer of the catalyst for purification of
exhaust gas of the present mvention and a catalyst layer
containing alumina are formed on 1nner walls of pores of a
honeycomb substrate. Moreover, among such honeycomb
catalysts, from the viewpoints of having an excellent oxygen
storage/release capacity and exhibiting an excellent NOx
purification performance even in the event of exposures to
high temperatures and high-speed gases, preferable 1s a
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honeycomb catalyst comprising a lower catalyst layer con-
taining the noble metal and alumina formed on 1mner walls
of pores of a honeycomb substrate, and an upper catalyst
layer of the catalyst for purification of exhaust gas of the
present invention formed on the lower catalyst layer; and
more preferable 1s a honeycomb catalyst comprising the
upper catalyst layer constituted of a mixture of the core-shell
oxide material of the present invention with zircoma sup-
porting the noble metal.

EXAMPLES

Hereinatter, the present invention will be described more
specifically on the basis of Examples and Comparative
Examples. However, the present invention 1s not limited to
the following Examples. Note that a ceria-zirconia-praseo-
dymium composite oxide powder used 1n Examples and
Comparative Examples was prepared according to the fol-
lowing method.

Preparation Example 1

A cena-zirconia based solid solution powder in which the
content ratio among cerium, Zirconium, and praseodymium
was 45:54:1 1n terms of moles ([cerium]:[zirconium]:[pra-
secodymium]) was prepared as follows. Specifically, first,
442 ¢ of an aqueous solution containing cerium nitrate in an
amount of 28% by mass 1n terms of CeO,, 590 g of an
aqueous solution containing zirconium oxynitrate in an
amount of 18% by mass 1n terms of ZrO,, 100 g of an
aqueous solution containing praseodymium nitrate 1 an
amount of 1.2 g i terms of Pr.O,,, and 197 g of hydrogen
peroxide water containing hydrogen peroxide 1n an amount
1.1 times the molar amount of certum to be contained were
added to 1217 g of an aqueous solution containing ammonia
in an amount 1.2 times the neutralization equivalent, so that
a coprecipitate was formed. The obtained coprecipitate was
centrifuged, and washed with 1on-exchange water. Next, the
obtained coprecipitate was dried at 110° C. for 10 hours or
more, and then calcined 1in air at 400° C. for 5 hours.
Thereby, a solid solution of cerium, zirconium, and praseo-
dymium (CeO,—7ZrO,—Pr,O,, solid solution) was
obtained. Subsequently, the solid solution was ground using
a grinder (“Wonder Blender” manufactured by AS ONE
Corporation) and was sieved such that the particle diameters
were 75 um or less. Thus, the cenia-zirconia-praseodymium
solid solution powder was obtained.

Next, 20 g of the cena-zircoma-praseodymium solid
solution powder was packed in a polyethylene bag (capacity:
0.05 L) whose inside was then deaerated. After that, the
mouth of the bag was sealed by heating. Thereafter, using an
1sostatic press (“CK4-22-60" manufactured by NIKKISO
CO., LTD.), the bag was molded by 1sostatic pressing (CIP)
at a pressure (molding pressure) of 2000 kgf/cm?® (196 MPa)
for 1 minute. Thus, a compact of the ceria-zirconia-praseo-
dymium solid solution powder was obtained. The size of the
compact was a length of 4 cm, a width of 4 cm, and an
average thickness of 7 mm, and the mass was approximately
20 g.

Subsequently, the obtained compacts (two sheets) were
placed 1n a crucible (internal volume: a diameter of 8 cm and
a height of 7 cm) filled with 70 g of activated carbon, which
was then covered with a lid. After that, the crucible was put
in a high speed heating electric furnace, and the temperature
was raised to 1000° C. over 1 hour and further raised to
1700° C. over 4 hours. Then, the resultant was heated at
17700° C. (reduction treatment temperature) for 5 hours,
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tollowed by cooling to 1000° C. over 4 hours. Thereatfter, the
temperature was naturally lowered to room temperature.
Thus, a reduction-calcination product was obtained.

Next, the reduction-calcination product was oxidized by
heating 1n air under a temperature condition of 500° C. for
5 hours to obtain a cena-zirconia-prasecodymium composite
oxide 1n which the content ratio among certum, zirconium,
and praseodymium was 45:54:1 1n terms ol moles ([cerium)]:
| zirconium |:[praseodymium]) in the composite oxide. The
ceria-zirconia-praseodymium composite oxide was ground
and sieved such that the particle diameters were 75 um or
less. Thus, a ceria-zircoma-praseodymium composite oxide
powder (heremafter abbreviated as “CZP powder™) was
obtained.

Comparative Preparation Example 1

A cerna-zirconia based solid solution powder 1n which the
content ratio between cerium and zircontum was 45.5:54.5
in terms of moles ([cerium]:[zirconium]) was prepared as
tollows. Specifically, first, 442 ¢ of an aqueous solution
containing cerium mitrate 1n an amount of 28% by mass 1n
terms of CeO,, 590 g of an aqueous solution containing
Zirconium oxynitrate 1n an amount of 18% by mass in terms
of ZrO,, and 197 g of hydrogen peroxide water containing
hydrogen peroxide 1n an amount 1.1 times the molar amount
of certum to be contained were added to 1217 g of an
aqueous solution containing ammonia 1 an amount 1.2
times the neutralization equivalent, so that a coprecipitate
was formed. The obtained coprecipitate was centrifuged,
and washed with i1on-exchange water. Next, the obtained
coprecipitate was dried at 110° C. for 10 hours or more, and
then calcined 1n air at 400° C. for 5 hours. Thereby, a solid
solution of certum and zircontum (CeQO,—Z7r0O, solid solu-
tion) was obtained. Subsequently, the solid solution was
ground using a grinder (“Wonder Blender” manufactured by
AS ONE Corporation) and was sieved such that the particle
diameters were 75 um or less, followed by grinding using
the grinder such that the 50% distribution particle diameter
was D50=10 um. Thus, the cenia-zirconia composite oxide
powder (heremalter abbreviated as “CZ powder”) was
obtained.

Example Al

An aqueous solution of a La-containing alumina precursor
was prepared by dissolving 9.5 mmol of aluminium nitrate
and 0.096 mmol of lanthanum nitrate 1n 200 ml of 10n-
exchange water. To the aqueous solution of the La-contain-
ing alumina precursor, 100 g of the CZP powder obtained 1n
Preparation Example 1 was added and stirred for 15 minutes.
The obtained dispersion containing the CZP powder was
evaporated to dryness by heating at 200° C. with stirring.
The resulting drnied product was calcined at 900° C. for 5
hours. The obtained calcination product was ground and
sieved such that the particle diameters were 75 um or less.
Thus, a core-shell oxide material powder i which the
surface of the CZP powder was coated with an alumina layer
containing lanthanum was obtained (the CZP amount: 100
parts by mass, the amount of the alumina coating: 0.5 parts
by mass, the amount of the lanthana coating: 0.015 parts by
mass).

Example A2

In the same manner as 1n Example Al, a core-shell oxide
material powder 1n which the surface of the CZP powder
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was coated with the alumina layer containing lanthanum was
prepared (the CZP amount: 100 parts by mass, the amount
of the alumina coating: 0.5 parts by mass, the amount of the
lanthana coating: 0.015 parts by mass). Next, in the same
manner as 1n Example Al except that 100 g of this core-shell
oxide material powder was used 1n place of the CZP powder,
a core-shell oxide material powder 1n which the surface of
the CZP powder was coated with an alumina layer contain-
ing lanthanum was obtained (the CZP amount: 100 parts by
mass, the amount of the alumina coating: 1.0 parts by mass,
the amount of the lanthana coating: 0.03 parts by mass).

Example A3

In the same manner as i Example Al except that an
aqueous solution of a La-containing alumina precursor pre-
pared by dissolving 19.0 mmol of alumimium mtrate and
0.192 mmol of lanthanum nitrate 1n 200 ml of 1on-exchange
water was used, a core-shell oxide material powder 1n which
the surface of the CZP powder was coated with an alumina
layer containing lanthanum was obtained (the CZP amount:
100 parts by mass, the amount of the alumina coating: 1.0
parts by mass, the amount of the lanthana coating: 0.03 parts
by mass). Next, in the same manner as in Example Al except
that 100 g of this core-shell oxide material powder was used
in place of the CZP powder, and that an aqueous solution of
a La-contaiming alumina precursor prepared by dissolving
19.0 mmol of aluminium mtrate and 0.192 mmol of lantha-
num nitrate 1 200 ml of ion-exchange water was used, a
core-shell oxide material powder 1n which the surface of the
CZP powder was coated with an alumina layer containing
lanthanum was obtained (the CZP amount: 100 parts by
mass, the amount of the alumina coating: 2.0 parts by mass,
the amount of the lanthana coating: 0.06 parts by mass).

Example A4

An agueous solution of an alumina precursor was pre-
pared by dissolving 9.5 mmol of aluminium nitrate in 200 ml
ol 1on-exchange water. In the same manner as in Example
Al except that this aqueous solution of the alumina precur-
sor was used 1 place of the aqueous solution of the
La-containing alumina precursor, a core-shell oxide material
powder 1n which the surface of the CZP powder was coated
with an alumina layer was obtained (the CZP amount: 100
parts by mass, the amount of the alumina coating: 0.5 parts
by mass).

Comparative Example Al

The CZP powder obtained in Preparation Example 1 was
calcined at 900° C. for 5 hours. The obtained calcination
product was ground and sieved such that the particle diam-

cters were 75 um or less. Thus, a CZP powder whose surface
was not coated was obtained.

Comparative Example A2

To 100 parts by mass of the CZP powder obtained in
Preparation Example 1, 1 part by mass of an alumina powder
containing 1% by mass of La (“TH 100” manufactured by
Sasol Limited) was added and mixed together using a mortar
for 30 minutes or more, followed by calcination at 900° C.
for 5 hours. The obtained calcination product was ground
and sieved such that the particle diameters were 75 um or
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less. Thus, a mixture powder of the CZP powder with the
La-containing alumina powder was obtained.

Comparative Example A3

In the same manner as 1n Example Al except that 100 g
of the CZ powder obtained in Comparative Preparation
Example 1 was used in place of the CZP powder, a core-shell
oxide material powder in which the surface of the CZ
powder was coated with an alumina layer containing lan-
thanum was prepared (the CZ amount: 100 parts by mass,
the amount of the alumina coating: 0.5 parts by mass, the
amount of the lanthana coating: 0.015 parts by mass). Next,
in the same manner as 1n Example Al except that 100 g of
this core-shell oxide material powder was used 1n place of
the CZP powder, a core-shell oxide matenial powder in
which the surface of the CZ powder was coated with an
alumina layer containing lanthanum was obtained (the CZ
amount: 100 parts by mass, the amount of the alumina
coating: 1.0 parts by mass, the amount of the lanthana
coating: 0.03 parts by mass).
<X-Ray Diflraction (XRD) Measurement™>

Each of the oxide powders obtained in Examples and
Comparative Examples was heated 1n air at 1100° C. for 5
hours. After the heating, an X-ray diflraction pattern of an
ordered phase of each oxide powder (an ordered phase of the
core) was measured by X-ray diflractometry with an X-ray
diffraction apparatus (“RINT-2100” manufactured by
Rigaku Corporation) using CuKa as an X-ray source. FIG.
1 shows the results. In addition, from the obtained X-ray
diffraction pattern, an intensity ratio of a diffraction line at
20=14.5° to a difiraction line at 20=29° [1(14/29) value] and
an intensity ratio of a diffraction line at 20=28.5° to the
diffraction line at 20=29° [I(28/29) value] were calculated.
Table 1 shows the results.
<Catalyst Preparation>

Each of the oxide powders obtained in Examples and
Comparative Examples was mixed with a Rh-supporting
Al1,0,—7rO,—La,0,—Nd,O, composite oxide powder
(the amount of Rh supported: 0.2% by mass, Al,0,:7Zr0,:
La,0,:Nd,0;=30% by mass:64% by mass:4% by mass:2%
by mass, average particle diameter: 20 um) at a mass ratio
of 1:1 using a mortar. The obtained mixture was compres-
sion-molded at a hydrostatic pressure of 1 t. The obtained
compact was ground and sorted such that the particle
diameters were 0.5 to 1 mm. Thus, a pellet catalyst was
obtained.
<High-Temperature Durability Test>

A cylindrical reaction tube having a diameter of 10 mm
was lilled with 1.5 g of the obtained pellet catalyst. A rich
gas [H, (2%)+CO, (10%)+N, (88%)] and a lean gas [O,
(1%)+CO, (10%)+N, (89%)] were passed alternately
through the pellet catalyst under a temperature condition of
1100° C. at a gas flow rate of 10 L/minute, while being
switched from one to the other every 5 minutes and for 5
hours 1n total.

Oxide material powder I (14/29)
Core Shell value
Ex. Al CZP powder La-containing 0.033

alumina
(0.5 parts by mass)

(100 parts by mass)
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<Measurements of Oxygen Storage/Release Rate (OSC-r)
and Oxygen Storage/Release Capacity (OSC) (1)

A reaction tube was filled with a mixture 01 0.25 g of each
pellet catalyst after the high-temperature durability test with
0.25 g of silica sand. A rich gas [CO (2% by volume)+N,

(the balance)] was passed through the catalyst with a catalyst
entry gas temperature of 500° C. at a gas tlow rate of 10
[/minute for 3 minutes. Then, the flow gas was switched to
a lean gas [O, (1% by volume)+N,, (the balance)] and passed
for 3 minutes. Thereatfter, the flow gas was switched again
to the rich gas. From a CO, amounts in a catalyst exit gas for
5 seconds and for 3 minutes after the second flow gas switch,

an oxygen storage/release rate (OSC-r, unit: umol/(g-s)) and
an oxygen storage/release capacity (OSC, unit: umol/g)
were calculated, respectively. Table 1 shows the results.

<50% NOx Purnfication Temperature Measurement (1)>

A reaction tube was filled with 0.5 g of each pellet catalyst
alter the high-temperature durability test. Nevertheless,
regarding the pellet catalyst using the mixture powder
obtained in Comparative Example A2, a reaction tube was
filled with a mixture 01 0.25 g of this pellet catalyst with 0.25
g of silica sand. A model gas [NO (1200 volume ppm )+CO,,
(10% by volume)+0O, (0.646% by volume)+CO (0.7% by
volume)+C,H, (1600 volume ppmC)+H, (0.233% by vol-
ume)+H,O (10% by volume)+N, (the balance)] was passed
through the catalyst at a gas flow rate of 10000 L/minute,
while being heated from 100° C. to 600° C. at a rate of
temperature rise of 50° C./minute. At each catalyst entry gas
temperature, NO concentrations in a catalyst entry gas and
a catalyst exit gas were measured to calculate a NOx
purification ratio. Then, a catalyst temperature (50% NOx
purification temperature) at which 50% of NOx was purified
was determined. Table 1 shows the results.

<Transient NOx Purification Ratio Measurement>

A reaction tube was filled with 0.5 g of each pellet catalyst
after the high-temperature durability test. Nevertheless,
regarding the pellet catalyst using the mixture powder
obtained in Comparative Example A2, a reaction tube was
filled with a mixture 01 0.25 g of this pellet catalyst with 0.25
g of silica sand. A lean gas [NO (1500 volume ppm )+CO,
(10% by volume)+0O, (0.8% by volume)+CO (0.65% by
volume)+C,H, (3000 volume ppmC)+H,O (5% by vol-
ume)+N,, (the balance)] was passed through the catalyst at a
catalyst entry gas temperature of 500° C. and a gas flow rate
of 10 L/minute for 1 hour. Then, the tlow gas was switched
to a rich gas [NO (1500 volume ppm)+CO, (10% by
volume)+CO (0.65% by volume)+C,H, (3000 volume
ppmC)+H,O (5% by volume)+N, (the balance)]. Average

NO concentrations 1n a catalyst entry gas and 1n a catalyst
exit gas for 5 minutes after the flow gas switch were
measured, and a transient NOx purification ratio was deter-
mined. Table 1 shows the results.

TABLE 1
50% NOx  Transient NOx
purification purification
I (28/29) OSC OSC-r temperature ratio
value (umol/g)  (umol/(g - s)) (° C.) (%)
<(0.026 373 24 301 92
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TABLE 1-continued

Oxide material powder [ (14/29) I (28/29)
Core Shell value value
Ex. A2 CZP powder La-containing 0.034 <0.026
(100 parts by mass) alumina
(1 parts by mass)
Ex. A3 CZP powder La-containing 0.033 <0.026
(100 parts by mass) alumina
(2 parts by mass)
Ex. Ad CZP powder Alumina 0.033 <0.026
(100 parts by mass) (0.5 parts by mass)
Comp. CZP powder — 0.035 <0.026
Ex. Al
Comp. Mixture powder 0.032 <0.026
Ex. A2 (CZP powder +
La-containing alumina powder)
Comp. CZP powder La-containing 0.000 -
Ex. A3 (100 parts by mass) alumina

(1 parts by mass)

As 1s apparent from the results shown in Table 1, the
core-shell oxide material powders obtained 1n Examples Al
to A4, the CZP powder obtained 1n Comparative Example
Al, and the mixture powder obtamned in Comparative
Example A2 all had diffraction line intensity ratios [1(14/29)
values] of 0.02 or more in the X-ray diffraction patterns
using CuKa as the X-ray source, veriiying that that these
powders had at least one ordered phase of a pyrochlore
phase and a ¥ phase. On the other hand, the core-shell oxide
material powder obtained 1n Comparative Example A3 had
no diffraction line at 20=14.5° observed in the X-ray dii-
fraction pattern using CuKa as the X-ray source (1(14/29)
=(0). It was found that neither a pyrochlore phase nor a k
phase was formed.

Moreover, the pellet catalysts using the core-shell oxide
material powders obtained 1n Examples Al to A4, the pellet
catalyst using the CZP powder obtained in Comparative
Example Al, and the pellet catalyst using the mixture
powder obtained 1n Comparative Example A2 all had excel-
lent oxygen storage/release capacities (OSC) and oxygen
storage/release rates (OSC-r). Especially, the pellet catalysts
using the core-shell oxide matenal powders 1n which the
amounts of the alumina coatings were 0.5 to 1 part by mass
relative to 100 parts by mass of the CZP powders or the CZ
powder (Examples Al, A2 and A4) had particularly excel-
lent oxygen storage/release capacities (OSC) and oxygen
storage/release rates (OSC-r). On the other hand, the pellet
catalyst using the core-shell oxide material powder 1n which
neither a pyrochlore phase nor a K phase was formed
(Comparative Examples A3) had poor oxygen storage/re-
lease capacity (OSC) and oxygen storage/release rate (OSC-
r).

Further, 1t was found that the pellet catalysts using the
core-shell oxide material powders obtained 1n Examples Al
to A4 had low 50% NOX purification temperatures, excellent
NOx purification activities at low temperatures, and high
transient NOXx purification ratios, and were capable of
quickly responding to a change 1n the composition of the
flow gas, 1n comparison with the catalyst using the CZP
powder obtained in Comparative Example Al, the catalyst
using the mixture powder obtained 1n

Comparative Example A2, and the catalyst using the
core-shell oxide material powder obtained 1n Comparative
Examples A3 1n which neither a pyrochlore phase nor a
phase was formed.
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50% NOx  Transient NOx
purification purification
OSC OSC-r temperature ratio
(imol/g)  (umol/(g - s)) ( C.) (7o)
399 25 299 94
350 23 299 93
371 24 304 91
368 23 313 89
360 22 310 89
343 20 311 87
Example Bl

AnAl1,0,—Ce0O,—7rO,—La,0O, composite oxide pow-
der (A1,0;:Ce0,:7Z1r0,:La,0,=30% by mass:20% by mass:
45% by mass:5% by mass, average particle diameter: 20 um,
hereinafter abbreviated as “ACZL powder”) was immersed
in an aqueous solution of palladium nitrate containing 8.8%
by mass of Pd (manufactured by Cataler Corporation). The
ACZL powder was impregnated with palladium naitrate.
Then, the ACZL powder impregnated with palladium mitrate
was heated at 500° C. for 3 hours. Thus, a Pd-supporting
ACZL powder was obtained.

Next, the Pd-supporting ACZL powder, a 1%-by-mass
La,O,-composite Al,O; powder (average particle diameter:
20 um, hereinafter abbreviated as “LA powder”), and an
Al,0O;-based binder were added to distilled water with
stirring to prepare a Pd-contaiming slurry. Note that contents
of the materials in the Pd-containing slurry were adjusted
such that coating amounts of the materials were to be Pd:
0.69 g/L, the ACZL powder: 45 g/L, and the LA powder: 40
g/L., per liter of the capacity of the substrate. The obtained

Pd-containing slurry was poured into a cordierite honey-
comb substrate (manufactured by DENSO CORPORA-

TION) having a capacity of 875 cc (600H/3-9R-08). An
extra portion of the slurry was blown off with a blower, and
inner walls of pores of the cordierite honeycomb substrate
were coated with the Pd-containing slurry. Then, the hon-
eycomb substrate was heated with a dryer at 120° C. for 2
hours to remove water. Further, the resultant was calcined
using an electric furnace at 500° C. for 2 hours. Thereby, a
Pd-supporting catalyst layer was formed on the inner walls
of the pores of the cordierite honeycomb substrate.

Moreover, an Al,O,—7r0O,—La,0; composite oxide
powder (A1,0,:7rO,:La,0,=30% by mass:65% by mass:
5% by mass, average particle diameter: 20 um, hereinafter
abbreviated as “AZL powder”) was immersed 1n an aqueous
solution of rhodium nitrate containing 2.75% by mass of Rh
(manufactured by Cataler Corporation). The AZL powder
was 1mpregnated with rhodium mtrate. Then, the AZL
powder impregnated with rhodium nitrate was heated at
500° C. for 3 hours. Thus, a Rh-supporting AZL powder was
obtained.

Next, the Rh-supporting AZL powder, the LA powder, the
ACZL powder, the core-shell oxide material powder
obtained 1n Example A2 (the amount of the alumina coating:
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1.0% by mass, the amount of the lanthana coating: 0.03% by
mass), and an Al,0,-based binder were added to distilled
water with stirring to prepare a Rh-containing slurry. Note
that contents of the materials 1n the Rh-containing slurry
were adjusted such that coating amounts of the materials

were to be Rh: 0.10 g/L, the AZL powder: 35 g/L, the LA
powder: 28 g/L, the ACZL powder: 72 g/L, and the core-
shell oxide matenal powder: 20 g/L, per liter of the capacity
of the substrate. The obtained Rh-containing slurry was
poured into the cordierite honeycomb substrate with the
Pd-supporting catalyst layer. An extra portion of the slurry
was blown off with a blower, and the Pd-supporting catalyst
layer was coated with the Rh-containing slurry. Then, the
honeycomb substrate was heated with a dryer at 120° C. for
2 hours to remove water. Further, the resultant was calcined
using an electric furnace at 500° C. for 2 hours. Thereby, a
Rh-supporting catalyst layer was formed on the Pd-support-
ing catalyst layer. Thus, a honeycomb catalyst was obtained
which comprised: the Pd-supporting catalyst layer (lower
layer) on the mmner walls of the pores of the cordierite
honeycomb substrate; and the Rh-supporting catalyst layer
(upper layer) thereon.

Comparative Example Bl

In the same manner as 1 Example Bl, except that the
CPZ powder obtained in Comparative Example A1 was used
in place of the core-shell oxide material powder obtained 1n
Example A2, a honeycomb catalyst was obtained which
comprised: the Pd-supporting supporting catalyst layer
(lower layer) on 1nner walls of pores of a cordierite honey-
comb substrate; and a Rh-supporting catalyst layer (upper
layer) thereon.
<On-Machine High-Temperature Durability Test>

Using a gasoline engine “1UR-FE” (manufactured by
Toyota Motor Corporation), an accelerated deterioration test
was conducted on each of the honeycomb catalysts at 1000°
C. (catalyst bed temperature) for 25 hours. Specifically, by
adjusting a throttle opening angle and an engine load, a rich
atmosphere, a stoichiometric atmosphere, and a lean atmo-
sphere were repeated 1n a constant cycle to change the
composition of exhaust gas and to accelerate the deteriora-
tion of the honeycomb catalysts.
<20% NOx Purnfication Temperature Measurement (2)>

20% NOX purification temperatures was determined 1n the
same manner as 1 <50% NOx Punfication Temperature
Measurement (1)>described above, except that the honey-
comb catalyst after the on-machine high-temperature dura-
bility test was used 1n place of the reaction tube filled with
the pellet catalyst after the high-temperature durability test,
and that catalyst temperature at which 20% of NOx was
purified was determined. Table 2 shows the results.

<Maximum Oxygen Storage Capacity (OSC) Measure-
ment>

Using a gasoline engine “2A7Z—FE” (manufactured by
Toyota Motor Corporation), the maximum oxygen storage
capacity (OSC) of the honeycomb catalyst after the on-
machine high-temperature durability test was measured.
Specifically, an air-fuel ratio (A/F) was feedback-controlled
aiming at an A/F value of 14.1 or 15.1. A maximum oxygen
storage capacity OSC was calculated according to the fol-
lowing expression from a difference (AA/F) between the
air-fuel ratio at the stoichiometric point (theoretical air-tuel
rat10) and an A/F sensor output. Table 2 shows the results.

OSC [g]=0.23xAA/FxFuel Injection Amount.
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TABLE 2
20% NOx
purification
Oxide material powder OSCmax temperature
Core Shell (2) (° C.)
Ex. Bl CZP powder La-containing 0.26 341
alumina
(1 parts by mass)
Comp. CZP powder — 0.27 347
Ex. Bl

As 1s apparent from the results shown in Table 2, both of
the honeycomb catalyst (Example B1) using the core-shell
oxide material powder obtained in Example A2 and the
honeycomb catalyst (Comparative Example B1) using the
CZP powder obtamned in Comparative Example Al had
excellent maximum oxygen storage capacities (OSC). Nev-
ertheless, 1t was found that the honeycomb catalyst (Ex-
ample Bl) using the core-shell oxide material powder
obtained 1n Example A2 had a low 20% NOx purification
temperature and an excellent NOX purification activity at
low temperatures, in comparison with the honeycomb cata-
lyst (Comparative Example B1l) using the CZP powder
obtained 1n Comparative Example Al.

As has been described above, the use of the core-shell
oxide maternal of the present invention makes 1t possible to
obtain a catalyst for purification of exhaust gas which has an
excellent oxygen storage/release capacity (OSC) (particu-
larly, oxygen storage/release rate (OSC-r)) and exhibits an
excellent NOx purification performance even when the
catalyst 1s exposed to high temperatures.

Thus, the core-shell oxide material of the present mnven-
tion 1s useful as a support, a co-catalyst, and the like of a
catalyst for purification of exhaust gas to purily exhaust gas
containing a nitrogen compound emitted from an internal
combustion engine of an automobile or other similar
sources.

What 1s claimed 1s:

1. A core-shell oxide material, comprising:

a core which comprises a ceria-zircoma based solid
solution powder having at least one ordered phase of a
pyrochlore phase and a K phase; and

a shell which comprises an alumina based oxide disposed
on at least a portion of a surface of the core.

2. The core-shell oxide material according to claim 1,
wherein an mtensity ratio of a diffraction line at 20=14.3° to
a diflraction line at 20=29° [1(14/29) value] 1s 0.02 or more,
which 1s calculated from an X-ray diffraction pattern
obtained by an X-ray diffraction measurement using CuKao.
after the core-shell oxide material 1s heated 1n air at 1100°
C. for 5 hours.

3. The core-shell oxide material according to claim 1,
wherein the core further comprises a rare earth element other
than Ce.

4. The core-shell oxide material according to claim 1,
wherein the shell further comprises a rare earth element.

5. The core-shell oxide material according to claim 1,
wherein the amount of the alumina based oxide coating 1s
0.1 to 6 parts by mass relative to 100 parts by mass of the
core.

6. A method for producing a core-shell oxide matenal,
comprising the steps of:

subjecting a compact obtained by compression-molding a
ceria-zirconia based solid solution to a reduction treat-
ment at a temperature of 1500° C. or higher and then




US 9,868,087 B2
21

grinding to obtain a ceria-zirconia based solid solution
powder having at least one ordered phase of a pyro-
chlore phase and a K phase;
bringing an alumina precursor into contact with the ceria-
zirconmia based solid solution powder having the 5
ordered phase to make the alumina precursor adhere to
at least a portion of a surface of the ceria-zirconia based
solid solution powder having the ordered phase; and
heating the ceria-zirconia based solid solution powder
with the alumina precursor adhering thereto to obtain 10
the core-shell oxide material according to claim 1.
7. A catalyst for purification of exhaust gas, comprising:
the core-shell oxide material according to claim 1; and
a noble metal 1n contact with the core-shell oxide mate-
rial. 15
8. A method for purification of exhaust gas, comprising
bringing exhaust gas containing nitrogen oxide 1nto contact

with the catalyst for purification of exhaust gas according to
claim 7.
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